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PERFORMANCE AND LOADS DATA FROM A WIND TUNNEL TEST OF

A FULL-SCALE, COAXIAL, HINGELESS ROTOR HELICOPTER

Fort F. Felker, III

Ames Research Center

and

Aeromechanics Laboratory

AVRADCOM Research and Technology Laboratories

SUMMARY

A test of a full-scale XH-59A Advancing Blade Concept Helicopter was con-

ducted in Ames Research Center's 40- by 80-Foot Wind Tunnel. The helicopter

was tested with the rotor on and off, rotor hub fairings on and off, inter-

rotor shaft fairing on and off, rotor instrumentation module on and off, and

auxiliary propulsion thrust on and off. The investigation was accomplished

over an advance ratio range of 0.25 to 0.45 with the rotor on and from 60 to

180 knots with the rotor off. This report presents data on aerodynamic forces

and moments, rotor loads, rotor control positions and vibration for the XH-59A

as well as the aerodynamic performance of the isolated rotor.



List of Symbols

a speed of sound, ft/sec

A1  longitudinal cyclic blade pitch, deq

b total number of rotor blades

B1  lateral cyclic blade pitch, deq

c.75 blade chord at 75% radius, ft

CDR/a rotor drag coefficient, rotor draq/pS(OR) 2

CLR/O rotor lift coefficient, rotor lift/pS(oR) 2

CMX/a rotor rolling moment coefficient, rotor rolling

moment/pS(QR) 2R

CMy/a rotor pitching moment coefficient, rotor pitching

moment/pS(sR)2R

CMZ/O rotor yawing moment coefficient, rotor yawing

moment/pS (OR) 2R

CpOG rotor power coefficient, total turboshaft

engine power/pS(oR)
3

Cpo/G rotor nonideal power coefficient

CyR/a rotor side force coefficient, rotor side force/pS(sR)2

D drag, lb

L lift, lb

Irolling moment, ft-lb

M pitching moment, ft-lb

Mat advancing tip Mach number, Mat = Mtun + Mtip

Mtip rotor tip rotational Mach number, QR/a

Mtun free stream Mach number, Mtun = V/a

N yawing moment, ft-lb

q free stream dynamic pressure, pV2/2, lb/ft2
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List of Symbols (continued)

r local blade radius, ft

R rotor radius, ft

S rotor reference area, S = bc. 7 5R

V free stream velocity, ft/sec

Y side force, lb

angle of attack, deg

shaft angle of attack, deq

U rotor advance ratio, V/QR

0rotor rotational speed, rad/sec

4) blade azimuth, deg, counter-clockwise is positive as

viewed from above, zero with instrumented blade pointing aft

p air density, slugs/ft
3

orotor solidity, a = b c.7 5/wR

8 rotor blade pitch, deg

Subscripts

u upper rotor

lnwer rotor

( ), prime, differential between upper and lower rotors
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I NTRODUCT ION

The high-speed capability of modern helicopters can be limited by the

rapid increase in rotor power requirements that accompanies retreating blade

stall and advancing blade compressibility drag. In order to reduce the com-

pressibility drag the rotor's rotational speed must be reduced, but this only

aggravates the problem of retreating blade stall.

One solution to this dilemma is to use two counter-rotating rotors with

each lifting predominantly on its advancing side. Since the retreating side of

each rotor is unloaded, blade stall is less of a problem and the rotor's rota-

tional speed can be reduced, which helps alleviate compressibility drag as

well. Two XH-59A Demonstration/Research Helicopters were built by Sikorsky

Aircraft under Army Sponsorship using this Advancing Blade Concept (ABC). A

three-view drawing of the helicopter as modified for wind tunnel testing is

presented as figure 1. Readers who desire additional information on the ABC

concept are referred to references 1-6.

One disadvantage of this configuration is the large parasite drag of the

rotor hubs and inter-rotor shaft. The hub drag is proportional to the hub's

swept frontal area (reference 7) and the ABC, with two hubs instead of one,

has twice the hub swept frontal area of a conventional helicopter of similar

(hingeless) construction. In addition to this is the drag due to the inter-

rotor shaft. In an effort to reduce the hub's parasite drag a 1/5-scale model

wind tunnel test was conducted to identify the drag reduction potential of

fairing the rotor hubs and inter-rotor shaft of the XH-59A (reference 8).

Many fairing configurations were tested and one was selected for full-scale

wind tunnel testing.
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This report presents the results of a full-scale wind tunnel test of an

XH-59A helicopter conducted in Ames Research Center's 40- by 80-Foot Wind

Tunnel. The objectives of the test were to (1) provide advanced technology

data necessary for assessment of a potentially viable mission-oriented ABC

vehicle, including hub drag reduction and rotor/tail/propulsion system inter-

ference alleviation, and (2) provide data with which to interpret, clarify,

and augment flight test results as well as provide a base for correlation of

existing 1/5-scale model test data. The test was conducted over an advance

ratio range of 0.25 to 0.45 with the rotor on and from 60 to 180 knots with the

rotor off. Data is presented for aerodynamic forces and moments, rotor control

positions, rotor structural loads, and vibration of the XH-59A as well as the

aerodynamic performance of the isolated rotor.

EXPERIMENTAL EQUIPMENT AND PROCEDURES

Description of Wind Tunnel and Balance

The 40- by 80-Foot Wind Tunnel is of the closed-throat, single-return type

with a speed capability extending to 180 knots. Model forces and moments were

measured by a six-component mechanical balance. Balance sensitivities were as

follows:

Scale Sensitivity

Lift*, lb 5

Drag, lb 1

Side Force*, lb 1

Pitching Moment, ft-lb 160

Rolling Moment, ft-lb 85

Yawing Moment, ft-lb 24

*two balances used to measure total force

5
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Description of Model

General - Several photographs of the ABC installed in the wind tunnel test

section are presented as figure 2. Note the fairings installed over the rotor

hubs and inter-rotor shaft in figures 2(a) and 2(b). The helicopter was modi-

fied by the addition of two struts and fairings in place of the main landing

gear so that it could be mounted on the wind tunnel's strut model support

system. Figure 2(f) presents a close-up view of the model support struts.

The helicopter's pitch attitude (rotor shaft angle of attack) was remotely

controlled using an extendable nose strut. The three struts which support the

model on the wind tunnel balance were faired to minimize the extraneous airloads

applied to the balance. The midpoint between the two rotors was 5 feet above

the tunnel centerline. Power for the rotors was supplied by two PT6T-3 turbo-

shaft engines producing a total of 1500 HP. The nacelle-mounted engines for

auxiliary propulsion were J60-P3A turbojets which produce 3000 lbs. of thrust

each. General specifications of the XH-59A are presented in Table 1.

Six rotor controls were remotely operated from the control room by electro-

mechanical actuators. The six rotor controls were collective, lateral cyclic,

and longitudinal cyclic for each rotor. The relationships between these con-

trols and the rotor blade pitch were as follows:

Collective: 6o = 6ou + eox

2

Longitudinal Cyclic: A1 = Alu + Ali

2

Lateral Cyclic: B1 = Blu + Bi1

6
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Differential Collective: 0 = eou -00

2

Differential Longitudinal Cyclic: A1' = Aiu - Alt

Differential Lateral Cyclic: B1' = Blu - BI

Therefore the blade pitch on the upper rotor was:

ou = (eO + eo') - (Al + Al') cos *u - (81 +Bl') sin *u

blade pitch on the lower rotor was:

ex = (oo - 0 ) - (A1 - A1') cos 'Y - (B1 - B1') sin g

Rotor Blades - The XH-59A used three 18-foot radius rotor blades on each rotor.

The upper rotor rotated in the counter-clockwise direction, and the lower rotor

rotated in the clockwise direction. The upper and lower rotors were indexed

such that when the instrumented blade of the upper rotor was at * = 00, the in-

strumented blade of the lower rotor was at * = 3000. The rotor blades were

attached to the hubs without flap or lead-lag hinges, using only pitch bear-

ings. The blades were attached with 30 of precone and 1.40 of prelag. The

blades were tapered in both planform and thickness. The planform taper was

linear with a rotor chord to tip chord ratio of 2:1. A drawing of the blade

in plan view Is presented as figure 3. The spanwise variation of blade thick-

ness to chord ratio is presented as figure 4. The airfoil contour at 20%

radius was a NACA 63(230)224A airfoil tapering in thickness to a NACA 63(230)-

213A airfoil at 62% radius. This transitioned to a NACA 23012(64) airfoil at

72% radius which was held constant to the tip (fig. 3). The blades had -100

of nonlinear twist. The twist distribution is presented as figure 5. The

7
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primary structural element in the blades was a full span titanium spar with

boron composite reinforcement bonded to the upper and lower surfaces of the

spar to increase the flapwise stiffness. A honeycomb core covered with a

fiberglass skin was attached to the spar to qive the blades their aerodynamic

shape. Figure 6 presents a drawing of a typical blade section. The blade's

natural frequency diagram is presented as figure 7. The spanwise distribution

of rotor blade properties are given in Table 2.

Description of Hub Fairings

Figure 8 presents a sketch of the rotor hub fairings that were tested.

The upper and lower rotor hub fairings were 31.8% thick ellipsoids. These

fairings had a diameter of 4.17 feet. The inter-rotor shaft fairing was a 43%

thick NACA 4-digit series symmetric airfoil. The inter-rotor shaft fairing was

mounted to the upper and lower rotor hubs with bearinqs and was free to rotate

about the rotor centerline. It was expected that the fairing would, therefore,

rotate to a trailing edge aft orientation, aligned with the free stream. How-

ever, it was noted during the wind tunnel test that the fairing did not align

itself with the wind and was skewed about 300 relative to the free stream either

to the left or to the right. This failure to align itself was evident when

testing both with the hubs rotating and the hubs not rotating when testing

with the rotor blades off. The skew also continued when testing with the

rotor blades on. In an effort to eliminate the skew of the inter-rotor shaft

fairing, an extended trailing edge tab was attached to the fairing (see fig.

8). However, the skew continued in spite of the extended trailing edge tab.

An aerodynamic configuration which is free to pivot about a point aft of

its aerodynamic center is inherently unstable about its pivot. The pivot of

the Inter-rotor shaft fairing was at the 30% chord location. It Is to be

81
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expected that the inter-rotor shaft fairing would not line up with the wind if

its aerodynamic center is forward of 30% of chord. It was reported in reference

9 that a NACA 0035 airfoil had an aerodynamic center located 16% of chord aft

of the leading edge. Although the inter-rotor shaft fairing's airfoil section

was a slightly thicker NACA 0043, ref. 9 indicates that the trend is fcr the

aerodynamic center to move forward with increasing thickness. Thus, the avail-

able evidence indicates that the aerodynamic center of the inter-rotor shaft

fairing was at least as far forward as 16% of chord aft of the leading edge.

The failure of the inter-rotor shaft fairing to properly align itself with the

free stream was, therefore, a result of the aerodynamic center being forward of

the pivot point. The extended trailing edge tab had little effect on the

orientation of the inter-rotor shaft fairing. The reason was that the trailing

edge tab was not long enough to move the aerodynamic center aft of the pivot

point.

Figure 9 presents a sketch of the unfaired rotor hub with the rotor blades

off and also shows the instrumentation can. The instrumentation can housed

signal conditioning equipment and slip rings used for acquiring data in the

rotating frame of reference.

Instrumentation and Data Reduction

Wind tunnel wall corrections have been applied to the forces and moments

measured by the wind tunnel balance. This wall correction is based on conven-

tional fixed wing techniques, for a wing of span equal to the rotor diameter

(reference 10). The wall correction was an incremental change in the angle of
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attack that was proportional to the lift:

Aa = 0.00235 L
q

where the constant, 0.00235 deg/ft2, was determined based on rotor and wind

tunnel geometric parameters. This incremental angle, Aa, was added to the

geometric angle of attack, as, to obtain the corrected rotor disk angle of

attack in free air, a.

a = a+ Aa

Balance forces and moments were then resolved to this new wind-axis system.

Tare corrections were analytically determined to account for forces and

moments produced by the exposed model support struts (references 11, 12). The

exposed tips of the wind tunnel model support system struts were estimated to

have a total parasite drag area of 3.35 ft2. The fairings around the model's

support struts (extending from the tips of the wind tunnel model support system

struts to the ABC's main landing gear wheel wells, see fig. 2(f)) were modelled

as low aspect ratio wings (AR = 1.26). An explanation of the equations use

to correct the measured forces and moments for the effects of the strut fdir-

ings is presented in Appendix I. The forces and moments produced by the J60

auxiliary propulsion engines have also been subtracted out of the data pre-

sented here. The thrust was calculated from a thrust versus exhaust pressure

ratio calibration which was performed in an engine test cell before the wind

tunnel test. An explanation of the equations used to correct for the thrust

of the J60 engines is presented in Appendix II.

All aerodynamic forces and moments are presented in wind axes. The axis

center for rotor forces and moments was on the centerline of the inter-rotor

shaft halfway between the two rotors. In aircraft coordinates this position

10
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would be:

Fuselage Station = 300

Water Line = 215

Butt Line = 0

All other aerodynamic forces and moments were resolved to the aircraft's center

of gravity, whose location is shown on fig. 1. In aircraft coordinates, the

center of gravity is located at:

Fuselage Station = 294.7

Water Line = 158

Butt Line = 0

Positive directions of forces and moments are shown in figure 10.

Engine torques were measured using pressure transducers plumbed to the

engine torque pressure outputs. These torques were multiplied by the engine

output shaft's rotational speed to obtain the power output. A nonideal power

coefficient was computed as follows:

Cpo/a = Cp/a - a(CLR/o) 2/2j + I CDR/'

The parameter CPO is obtained by subtracting the propulsive or parasite power

and the ideal induced power from Cp; therefore, it is equal to the sum of the

rotor profile power and nonideal induced power losses.

The aerodynamic forces and moments of the isolated rotor were obtained by

subtracting the forces and moments due to the fuselage from the total measured.

I 11.
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The forces and moments due to the fuselage were determined from testing with

the rotor blades off. This "tare" due to the fuselage was described by polyno-

mial equations in a and q after the forces and moments due to the J60 engines

had been removed. These equations are given in Table 3. These tares were

obtained with the instrumentation can installed on the inter-rotor shaft, no

hub fairings, and the hubs rotating. However, several rotor-on runs were

conducted with the hub fairings installed in place of the instrumentation can.

The fuselage tares obtained with the instrumentation can were also used to cal-

culate the rotor forces for these runs. Therefore, the effect of substituting

the hub fairings for the instrumentation can is included in the rotor forces

and moments since the fuselage aerodynamic tares used to calculate the rotor

forces and moments were obtained with the instrumentation can installed.

The instrumentation parameters considered in this report are listed in

Table 4, including units and positive directions. The actual radial locations

of the blade bending gages are given in Table 5 and are shown on a drawing of

the rotor blade in fig. 3. The signals from the parameters listed in Table 4

were sampled and digitized 64 times per revolution. The time history was

smoothed and filtered by eliminating subharmonics and harmonics above 10/rev;

and a correction for the Bessel filters in the amplifiers was applied.

Due to various problems encountered during the wind tunnel test, the mean

values of the blade pitch data (eo and Aeo) are not reliable from run to

run. However, the increments of collective and differential collective pitch

within a run are reliable.
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OPERATING CONDITIONS

The ABC's performance and loads data were acquired over an advance ratio

range of 0.25 to 0.45 with the rotor on and from 60 to 180 knots with the rotor

off. For the rotor-on runs, the rotor speed was adjusted to give the desired

tip Mach number, Mti p , and the tunnel speed was adjusted to obtain the desired

advance ratio, p. Data were then acquired for a matrix of shaft angles, as ,

and rotor lift coefficients, CLR/0 . The operating conditions at which the

data were acquired are shown in figure 11.

Several hub fairing configurations were tested, and runs were conducted

both with the rotor blades on and with the rotor blades off. Table 6 presents

a key to the configuration that was tested in each run. Rotor-on testing was

conducted over an angle of attack range of 0° to 100. Rotor-off testing was

conducted over an angle of attack range of -100 to +100 and a yaw angle range

of -150 to +140. The auxiliary propulsion engines were operated at flight idle

for all runs except for run 10.

RESULTS

Performance Data

The performance data are tabulated in Section A. A dictionary of the

parameters is provided in Table 7. The data are organized by run number.

Control and Loads Data

The control and loads data are tabulated in Section B. The oscillatory

(one-half peak-to-peak) and mean loads, the blade pitch control settings, and

the one-half peak-to-peak accelerations are presented. A dictionary of the

parameters is presented in Table 8. The data are organized by run number.

j 13



Detailed Loads Data

Detailed loads data are given in Section C. The first 10 harmonics and

the time history over one revolution are presented for the blade bending

moments, pitch link loads, and upper rotor shaft stress. A dictionary of the

parameters is provided in Tables 7 and 8. The pitch link load given in the

detailed loads presentation is that of the red, instrumented blade. As

previously noted, when the instrumented lade of the upper rotor was at 4

00, the instrumented blade of the lower rotor was at 4) =3000.

Plotted Data

Selected performance and loads data are plotted in Section D. A dictio-

nary of the parameters is provided in Tables 7 and 8. Fuselage aerodynamic

characteristics, rotor performance, rotor loads, and airframe vibration plots

are presented. The data points are designated by circles on the plots. The

majority of the plots present isograms for a particular quantity as a function

of rotor lift and rotor drag, at a given advance ratio. The contours are in-

terpolated from the values of the quanity at the data points. The parameter

Ev in the upper left-hand corner of the plots is the rms error of the estimate

of the quantity at the data points based on the interpolated contours.

14
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Figure 2(a). Front View of A1BC with IHuh Fairings Installed
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Figore 2(b). Rear View of ARC with Hub~ Fairings Instal led
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Figre~ 2(c). Front View of ABC with Instrumentat ion Can) Installed
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Figure 2(d). Side viewof ABC with No H~ub Fairings Installed
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Figure 2(e). Close-up View of Rotor Hubs



Figure 2(f). Close-up View of Model Support Struts
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APPENDIX I

Equations Used to Correct for Forces and Moments Produced by Exposed Model

Support Struts.

The strut fairings were canted 340 down relative to the horizontal. The

lift and drag forces on the fairings were calculated as follows:

= yaw angle, deg, positive nose right

a= corrected angle of attack

"RF" subscript denotes right strut fairing

"LF" subscript denotes left strut fairing

ORF = cos 340 a + sin 340 *

QLF = cos 34 a -sin 340 *

CLRF = 0.02698 aRF + 1.8 sin aRF (sin aRFI

CLLF = 0.026q8 aLF + 1.8 sin aLF Isin aLFI

LiftRF = 5.22 q CLRF

LiftLF = 5.22 q CLL F

CDLF = 0.02698 ORF tan (aRF/2) + 1.8 sin aRF Isin cZRFI (induced)

+ 0.02002 + 0.016457 CLRF 2  (profile)

CDLF = 0.02698 aLF tan (aiF/2) + 1.8 sin aLF tsin aLFI (induced)

+ 0.02002 + 0.016457 CLLF2  (profile)

DragRF = 5.22 q CDRF

DragLF = 5.22 q CDLF

46
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DraqRF-  = 0.2947 q (fuselage/fairing interference)

DraqLFI = 0.2947 q (fuselage/fairing interference)

DragNT = 0.75 q (nose strut tip drag)

DraqRFT = 1.5 q (strut tip drag)

DragLFT = 1.5 q (strut tip draq)

The corrections made to the aircraft forces and moments due to the lift and drag

on the fairings were as follow:

"U" subscript means uncorrected

"C" subscript means corrected

Liftc = Liftu - cos 340 (LiftRF + LiftLF)

Dragc = Draqc - (DragRF + DragRF I + DragRF T

+ DraqLF + DragLF I + DragLFT + DragNT)

Side Forcec + Side Forceu - sin 340 (LiftRF - LiftLF)

Pitching Moment c = Pitching Momentu + cos 340 LiftRF (Xcos acos *

+ Ysin * - Zsin a) + cos 340 LiftLF (Xcos a cos 'p

- Ysin * - Zsin a) + (DraqRF + DragLF) (Xsin a +Zcos a)

+ (DragRFI + DraqLFI) (XI sin a +ZI cos a)

+ (DragRFT + DragLFT) (XT sin a +ZT cos a)

+ DraqNT (ZN cos a - XN sin a)

47
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Rolling Momentc = Rolling Momentu + cos 340 LiftRF (ycos p -Xsin * cos a)

- cos 340 LiftLF (Ycos * +Ysin * cos c) + sin 34' Zcos a

(LiftRF - LiftLF)

Yawing Momentc Yawing Momentu - DraqRF (cos * -Xsin * cos a) + DragLF

(Ycos * +Xsin * cos cx) + 2 DraqRF I XI sin p cos a

- YT cos ip (DragRFT - DragLFT) + XT sin p cos

(DragRFT - DragLFT) - DraqNT XN sin a

The dimensions X, XT, XN etc. are the distances (in feet) between the aircraft

moment resolving center (aircraft c.g.) and the locations of the various lift

and drag producing components, such as the strut fairing, the strut fairing

tip, etc.

X = 4.845 ft XT = 4.683 ft

Y = 2.925 ft YT = 4.167 ft

Z = 3.475 ft ZT = 4.4 ft

XI = 4.976 ft XN = 8.4 ft

XI = 3.n55 ft ZN = 4.25 ft
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APPENDIX II

Equations Used to Correct for the Thrust of the J60 Engines.

The J60 engines on the ABC were calibrated in an engine test cell before

the wind tunnel test. This calibration defined the relationship between static

thrust and exhaust pressure ratio (EPR). During the wind tunnel test, the

measured EPR and the test cell calibration were used to calculate the static

thrust of each engine. This value for the static thrust was analytically

corrected to account for the effect on the thrust of the nonzero velocity in

the tunnel.

Thrust = 6 (TEPR + ATM) (lbs)

where 6 = barometric pressure (in Hg)/29.92

TEPR = static thrust calculated from thrust vs. EPR calibration, lbs

ATM = correction to thrust due to nonzero wind velocity, lbs

The value of TEPR as a function of the measured EPR was determined by a linear

interpolation between the nearest two values of EPR and TEPR in the following

table:
T

EPR EPT

1.0 0

1.063 200
1.129 400
1.198 600
1.267 800
1.337 1000
1.410 1200
1.486 1400
1.564 1600
1.641 1800
1.719 2000
1.796 2200
1.873 2400
1.948 2600
2.022 2800
2.098 3000
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The value of ATM was also determined by linear interpolation. The

interpolation for tunnel Mach number, Mtun, was performed first and the

interpolation for EPR was performed next.

ATM as a Function of Mtun and EPR

Mtun

0 0.05 0.1 0.15 0.2 0.25 0.3

1.0 0 0 0 0 0 0 0

1.1 0 -22 -40 -54 -64 -72 -72

1.2 0 -40 -71 -96 -113 -127 -127

EPR 1.3 0 -57 -101 -135 -160 -179 -179

1.4-2.0 0 -64 -114 -155 -183 -202 -205

2.1 0 -64 -114 -155 -183 -202 -192

After the thrust of each J60 engine had been calculated by the above method,

the forces and moments produced by the engines were removed from the measured

forces and moments using the following equations:

"c" means corrected

"u" means uncorrected

Liftc = Liftu - sin a (TR + TL)

Draq c = Draq u + cos a (TR + TL)

Pitching Momentc = Pitching Momentu (TR + TL) (1.88 sin a cos a + cos a

(1.21 + 1.88 sin a)

Rolling Momentc = Rolling Momentu - 4.42 (TL + TR) sin a

Yawing Momentc = Yawing Momentu - 4.42 (TR + TL) cos

Three errors are evident in these equations which have rot been corrected in the

data presented in this paper.
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(1) the underlined "-" sign in the pitching moment equation should be a "+"

sign and the underlined "+" sign should be a "-" siqn.

(2) the underlined "-" sign in the yawing moment equation should be a "+"

sign.

(3) the effect on the aircraft forces and moments due to aircraft yaw angle

changes have not been included in these equations.

The effect of these errors on the data presented here has been evaluated, and

in no case does the effect of any error exceed 2% of the data presented. The

only exception to this is in Run 10, where significant amounts of auxiliary

propulsion thrust were used.
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SECTION D

Plotted Performance and Loads Data
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